Localization-based super-resolution microscopy enables imaging of biological structures with sub-diffraction-limited accuracy, but generally requires extended acquisition time. Consequently, stage drift often limits the spatial precision. Previously, we reported a simple method to correct for this by creating an array of 1 μm 3 fiducial markers, every ~8 μm, on the coverslip, using UV-nanoimprint lithography (UV-NIL). While this allowed reliable and accurate 3D drift correction, it suffered high autofluorescence background with shorter wavelength illumination, unstable adsorption to the substrate glass surface, and suboptimal biocompatibility. Here, we present an improved fiducial micro-pattern prepared by thermal nanoimprint lithography (T-NIL). The new pattern is made of a thermal plastic material with low fluorescence backgrounds across the wide excitation range, particularly in the blueregion; robust structural stability under cell culturing condition; and a high bio-compatibility in terms of cell viability and adhesion. We demonstrate drift precision to 1.5 nm for lateral (x, y) and 6.1 nm axial (z) axes every 0.2 seconds for a total of 1 min long image acquisition. As a proof of principle, we acquired 4-color wide-field fluorescence images of live mammalian cells; we also acquired super-resolution images of fixed hippocampal neurons, and superresolution images of live glutamate receptors and postsynaptic density proteins. 
Introduction
Sub-diffraction limited structures and dynamics in biological systems are now viewable using super-accuracy (FIONA [1] ) and super-resolution fluorescence microscopy ((F)PALM/(d)STORM [2] [3] [4] [5] , and STED [6] ). However, stage drift often becomes a major factor in determining the resolution of the final image quality. There are efforts to correct this by detecting the drift of surface immobilized particles, including randomly-placed gold nanoparticles and fluorescent nano-diamonds [2, 7] . These methods are simple and easy, but no one can control the randomness of the distribution and ensure that the distribution of the particles is uniform for all field of view. They yield Poissonian distribution of particle densities which can lead to locally over-or under-sampling, in case of which excessive number of particles can give fluorescent background to the experiment or it is impossible to find a particle for the drift correction, respectively. Also, occasionally incomplete immobilization can cause residual mobility of the particles [2] . Alternatively, crosscorrelation methods between the images of localized fluorophores at different time points [8, 9] can correct the stage drift without requiring any fiduciary markers. This method provides ~5 nm precision for fixed samples. Yet the precision of the method is highly dependent of the number of detected molecules and is very difficult to apply for dynamic system such as molecular tracking or live cell imaging [9] .
In order to achieve precise and reliable drift correction, we previously introduced a fiducial-marker microarray made of UV curable polymer. The pattern, which consists of equally spaced pillars (1 μm in height and in width, every 8-16 μm), can be simply produced by applying precast PDMS mold over a thin layer of UV curable polymer (NOA81) over the cleaned glass substrate, and polymerized by UV illumination. By shining infra-red (IR) light, an image could be collected on a separate wide-field detector from that used for the visible fluorescence image, yielding simultaneous drift correction. We demonstrated various molecular tracking and live cell fluorescence imaging experiments, and enabled drift correction with 1.5 nm lateral precision and 5 nm (for dry) and 17 nm (for wet) axial precision [10, 11] . Furthermore, because of the flexibility in the pattern design, virtually any desired features can be produced. We showed that unique set of letters can be patterned in addition to the array of pillars which served as visual coordinate marker to revisit the same field of view during long-term imaging even after removing the sample off the microscope stage [12] .
While the fiduciary marker micropattern works well for many applications, we discovered several setbacks. First, the UV curable polymer suffers increasing level of autofluorescence as the wavelength approaches the UV range, most noticeable under 405 nm laser illumination commonly used. This was true for alternative UV polymers such as the SU-8 and AZ series. Second, due to the high hydrophobicity, cells that requires charged surface, such as neuronal cells, had difficulty adhering to the surface and hence, is unreliable for long-term culturing. Lastly, the NOA81 material partially detaches from the glass surface over time. As a result, numerous bubbles formed, making it impossible to image samples within the same plane of focus.
In this work, we introduce a fiduciary micropattern prepared by thermal nanoimprint lithography (T-NIL) to obtain low autofluorescent and bio-compatible fiduciary marker patterns. In general, materials used for light induced micro-patterning, including photolithography and UV-curing, has autofluorescence issue despite efforts to decrease this [13, 14] . The T-NIL technique, on the other hand, uses heat and pressure to pattern thermal plastic layer. Because it does not involve use of light for patterning, the material used for T-NIL, here shown for the polymer known as mr-I T85, has low autofluorescent across the visible spectrum and has an index of refraction similar to that of glass. This makes single molecule fluorescence measurement possible without any detectable optical distortion. The patterning enables nanometer displacements to be measured and enables drift correction to be subtracted off. Because infrared can be used for drift correction, T-NIL (similar to the UV-NIL) can be simultaneously corrected while taking visible fluorescence used to measure the actual dynamics of the sample. In addition, we report that the pattern is stable under cell culturing conditions and does not incur any detectable toxicity to cells, including primary cells, such as hippocampal neurons. For patterning fiduciary marker, silicon master with arrays of pillars (1 μm diameter, 1 μm height, 16 μm apart) and letters (for addressable markers) was prepared as described previously [10] (Fig. 1) . The stamp for T-NIL was prepared from PDMS mixture (resin:hardener = 10:1, Sylgard 184, Dow Corning) was poured over the silicon master. Microscope slides (Fisherfinest Premium Plain Glass Microscope Slides, Fisher Scientific) were placed around the silicon master to cure PDMS stamp to equal thicknesses. This is crucial for applying uniform pressure across many stamps during the embossing step ( Fig.  1(c) ). The slide placed on top of the PDMS mixture was exposed to (tridecafluoro-1,1,2,2-tetrahydrooctyl) trichlorosilane to form a hydrophobic monolayer to prevent sticking to the PDMS stamp. The coverslips (round, 25 mm, thickness 0.13-0.17 mm, Carolina Biological Supply Company) were cleaned by sonication in ethanol for 30 min followed by sonication in water for 30 min. The cleaned coverslips were dried in stream of nitrogen gas and treated by oxygen plasma (PDC-001, Harrick Plasma) for 5 min to remove residual organic contaminants and to improve the adhesion to the T-NIL material.
Experiment

Fabrication of the T-NIL fiduciary markers
Figure 1(a) shows the workflow of T-NIL fiduciary marker fabrication. mr-I T85-1.0 (micro resist technology GmbH, Germany) was dispensed to cover the coverslip and was spin-coated on the surface (3000 RPM, 30 s) to form 1 μm thick film layer. The spin coated coverslips were baked at 140°C for 3 min to evaporate the residual solvent. After the baking step, PDMS stamp was carefully placed on each coverslip to avoid the formation of air bubbles in the interface. The assembled samples were placed on the stage of the wafer bonder (EVG501, EVGroup, Austria). The top and bottom plates were heated up simultaneously to 140°C. 5 bar of pressure was applied onto the samples by the wafer bonder for 5 min, while the temperature was held constant. The samples were gradually cooled down to 60°C and the stamps were detached from the coverslips. No additional dry or wet etching steps were required.
The wafer bonder can be replaced with heat press (e.g. 9 × 12 Heat Press, Fancierstudio) for simpler process and lower cost. The spin coated coverslip and the PDMS stamp assembly was placed on a flat stainless-steel sheet (304 Stainless Steel Sheets, 8" × 8", 0.06" Thickness, McMaster-Carr) for applying uniform pressure. Also, to maintain the consist pressure, a 12 kg weight is placed on top of the panel.
Microscopy
All images in this work were taken with an inverted fluorescence microscope (Ti Eclipse, Nikon), as we already described in the previous work [11] , with the temperature controlled imaging chamber (Full Enclosure System, In vivo Scientific). The excitation lasers (MLC 400B, Agilent Technologies, equipped with 405, 488, 561 and 647 nm lines) were reflected by a quad-band dichroic mirror (Chroma, ZT405-488-561-640RPC) and were directed to the sample plane by an oil immersion objective lens (APO 100X, NA 1.49, Nikon). Emitted fluorescence signals were filtered using bandpass filters placed in a filter wheel to minimize the spectral cross-talk (447/60, 535/50, 600/50 and 680/40) and imaged using an EMCCD camera (DU897, Andor Technology). For 3D-super-resolution imaging, a cylindrical lens (CVI Melles Griot, SCX-25.4-5000.0-C-425-675) was inserted in the emission pathway using a custom lens holder to use optical astigmatism [15] . For drift correction, 760 nm LED light was used to illuminate the sample from the top to acquire a brightfield image of fiduciary marker pattern; this was imaged concurrently while fluorescence images were acquired. The brightfield images were reflected to the backport of the microscope using a short pass dichroic mirror (750 SP) and imaged using a second camera (DMK 23U274, The Imaging Source).
Cell culture and transfection
For cell culturing, the fabricated patterned coverslips were first treated with oxygen plasma to remove the surface contaminants and to make the surface hydrophilic. Common mammalian cell-lines, such as HeLa cells, were directly plated on non-functionalized patterned coverslips and cultured by following the standard protocol. For neurons, positively charged polymers, such as poly-D-lysine or polyethyleneimine, were coated on the surface to enhance cell adhesion. The coating was achieved by incubating the plasma treated patterned surface in 0.1 mg/ml poly-D-lysine or 0.05 mg/ml polyethyleneimine dissolved in sterile water overnight at ambient temperature. Slides were washed with sterile water and UV sterilized for 30 min.
HeLa cells and/or Glial cells were cultured in a flask (BioLite 25 cm 2 Flask Vented, Thermo Fisher Scientific) until they were split and plated. When the confluency of the cell reached >90%, cells were plated on the oxygen plasma treated T-NIL fiduciary marker surface in culture medium (MEM with 10% FBS and 50 unit/ml penicillin/streptomycin). The cells were cultured at 37°C with 5% CO 2 .
Primary hippocampal neurons were isolated from E18 rat embryos. The hippocampi from the embryos were dissociated by 900 units/ml protease (hyaluronidase, Calbiochem) and plated on either glass or T-NIL fiduciary marker coverslips. Cultures were maintained at 37°C with 5% CO 2 in Neurobasal medium (Thermo Fisher, 21103049) with B27 supplement (Gibco), 2 μM GlutaMAX and 50 unit/ml penicillin/streptomycin until they form synaptic spines (DIV 14-21). Every 3 days half of the cell-medium was replaced.
The plasmids used in this work were transfected by using Lipofectamine 2000 transfection reagent according to the manufacturer's protocol. After transfection, the cells were placed in the incubator and cultured for at least 24 hrs before imaging. (See protocols below.)
Results
Morphology of the T-NIL fiduciary marker
SEM images (Hitachi S-4700) of the fiduciary marker patterned coverslips (Fig. 1(b) ) were taken after deposition of gold by sputtering. As designed, an array of pillars with 1 μm in diameter, 1.2 μm in height (inset) and 16 μm separation was observed. The pattern includes letters for addressing the position of the image, that can be used for long term imaging [16] . Considering the imaging area (82 × 82 μm 2 ) used in this work, there will be up to 25 fiduciary makers within the field of view at any given imaging. To obtain the precision of the drift correction, 1000 frames of image of the patterned coverslip were taken and the position of the marker was tracked over time in x, y and z directions (Fig. 2) . A MATLAB based code, a-livePALM was used for tracking fiduciary markers [16] . The center of the x, y position of the marker is determined by Gaussian fitting and the axial position is determined by the standard deviation of the Gaussian function after calibration (Fig. 3) . Figure 3 shows the linear dependence of the width of the marker on the axial position (slope = 0.114 ± 0.002 px/μm, average ± standard deviation, n = 5) and the relative axial position is estimated by using it. Since the size of the markers is consistent, the method for the estimation of the axial position is reliable. The range of the linear dependence of the width of the Gaussian function is 5 μm, which is reasonably large enough to correct axial drifts with linear fitting, although it is also possible to use a calibration curve. To calculate the drift correction precision, the deviations from the averaged trace were plotted as histograms. The drift correction precision obtained were 1.52 ± 0.05 nm for lateral dimension, and 6.15 ± 0.31 nm for axial dimension (average ± SEM, n = 5). As shown in Fig. 2 , the movement of fiduciary markers are correlative in the same field of view. Since the movements are the same, one can obtain consistent drift correction precision regardless of whichever marker was chosen and the number of marker used for the drift correction. The lateral precision of the drift correction using T-NIL fiduciary marker is comparable to the previous report. Axial precision (from 17 nm to 6.2 nm) was improved from the previous report mainly due to the use of a more reliable algorithm to detect the markers. It is possible to apply the same method to correct the stage drift for longer period of time (>20 min) as shown in later experiments and in the previous publication [11] . The nanometer precision of the drift correction using this pattered fiduciary marker enables acquisition of images with resolution on par with the best resolution that super-resolution microscopy techniques can achieve. To evaluate the autofluorescence level of mr-I T85, we compared the background fluorescence intensities from mr-I T85, previously used UV curable polymer (NOA81), and two commonly used photoresists (SU-8 and AZ1512) at various excitation wavelengths (Fig.  4) . Each material was spin coated on a coverslip surface to form 1 μm thickness layer. 1 mW (measured after the objective lens) of 405, 488, 561, and 640 nm lasers were illuminated on the samples respectively and the intensity levels were collected for each sample. The values were normalized by the autofluorescence level obtained from glass coverslips. Among the measured materials, mr-I T85 showed the lowest level of autofluorescence in all tested wavelengths. To test the bio-compatibility of the mr-I T85 patterned coverslips, we cultured 3 types of cells with the patterned coverslips: HeLa cells with mScarlett-tubulin, glial cells with GFPmitochondria, and primary culture rat hippocampal neurons with free-BFP (Fig. 5(a) ). All tested cell types adhered, grew over patterned surface, and expressed transfected fluorescent proteins in a similar manner as cells cultured over glass or polymer treated glass surfaces ( Fig. 5(a) ). Therefore, the patterned surface is compatible with standard cell-lines and primary cultures and showed no cytotoxicity.
Drift correction precision
Autofluorescence measurement
Bio-compatibility and stability of T-NIL fiduciary marker
In the previous UV-cured fiduciary marker, there was a problem of large water-trapped bubble formation between the fiduciary marker layer and the glass coverslip surface during cell culturing. This issue is more serious for cells that require long-term culturing, such as primary neurons. Figure 5(b) shows the surface of the fiduciary marker made of NOA81, UVcurable glue (left) and mr-I T85 (right). Trapped bubbles are indicated by the white arrows and the dotted white lines. The bubbles lift the patterned layer from the glass surface, causing a part of images to be out of focal plane and making it impossible to image the sample in the same field of view. On the contrary, the T-NIL fiduciary markers showed excellent stability in cell culturing conditions. Even after 2 weeks of long-term neuronal culture (Fig. 5(b) , images taken at DIV 16), T-NIL fiduciary marker maintained the adhesion to the glass surface, having no stability or bubble trapping issues. As the most direct application of coverslips coated with low autofluorescent T-NIL fiduciary markers, we obtained 4-color fluorescence images on HeLa cells (Fig. 6 ) and compared them to Glass coated coverslips. Cell were transiently transfected with two FPs, mScarlett-αtubulin (cytoskeleton marker protein, 561 nm excitation) and EGFP-ActA (mitochondria marker protein, 488 nm excitation). They were also stained with dyes for the nucleus (Hoecsht34580, 405 nm excitation) and for actin filament (SiR-actin, 640 nm excitation). The labeling of nuclei and the actin filaments were done before imaging. HeLa cells were incubated in DPBS with 1 μg/ml Hoecsht34580 for 5 min and 500 nM of SiR-actin for 15 min, respectively. After each step, the remaining fluorophores were washed by DPBS.
Live cell fluorescence image and SNR analysis
Fluorescently labeled cells were shown to give similarly low autofluorescence on the T-NIL as on the glass coverslips ( Fig. 6(a) ). The 4 channels used in cell imaging provided clear structures of nucleus, mitochondria, actin and microtubule filaments of the cells. We also analyzed the Signal-to-Noise Ratio (SNR) of 4 channels by imaging surface immobilized fluorescent beads (TetraSpeckTM Microspheres, 0.1 μm, fluorescent blue/green/orange/dark red, ThermoFisher) ( Fig. 6(b) ). The surface of the T-NIL and glass were coated with polyethyleneimine and the beads were immobilized on each surface. The SNR of each channel is calculated by the number of photons detected from a single bead divided by the background photons. In all cases, the SNR was comparable (at least 83%) for the T-NIL compared to glass. At the same time, the T-NIL provides the capability of the drift correction.
We applied this technique to demonstrate the drift correction for super-resolution image of fixed cells and live cells. The neurons cultured on T-NIL fiduciary marker were transfected with mEos3.2-actin plasmid and cultured for 24 hrs. mEos3.2 is a photoconvertible fluorescent protein (λmax-emission = 581 nm) that can be used for Photoactivated Localization Microscopy (PALM) [2] . The cells were fixed by 4% PFA for 15 min at room temperature and washed by PBS. The cells were imaged in PBS and mEos3.2 was photoconverted at 405 nm illumination (0.02 kW/cm 2 ), followed by 561 nm excitation (0.5 kW/cm 2 ). A total 16,000 frames of images were taken over 26 min with 10 Hz frame rate, and the image was reconstructed using quickPALM, an ImageJ plugin, and the 3D image was visualized by VMD in the insets (Fig. 7(a) ). Without the drift correction, it is clear that the spine was blurred by the stage drift and the shapes of synaptic spines were distorted ( Fig. 7(a) ). The measured width of the shown spine is 475 nm. The drift occurred during the image acquisition is about 500 nm laterally (x and y), and 100 nm axially (z) (Fig. 7(b) ). Upon correcting the stage drift based on 3D coordinates of the fiduciary markers, the line profile of the spine shows the width of 258 nm (Fig. 7(c) ). In summary, the technique can correct the image distortion caused by the stage drift for the extended acquisition time of superresolution microscopy and is able to correct the stage drift at least as large as hundreds of nanometers. We also obtained super-resolution images of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) and Homer1c, a postsynaptic density marker protein, in live neurons (Fig. 8) . The localization of the neuronal synaptic receptors, which ideally should be done with a few tens of nanometers, cannot be imaged precisely without the drift correction capability. Homer1c was labeled by fusing to mGeos, a photoactivatable green fluorescent protein. The AMPA-receptor GluR2 was biotinylated via standard methods [17] and was labeled with streptavidin-Atto647N. (Neurons were incubated in the imaging buffer, 10 mM HEPES, 1 mM MgCl2, 1.2 mM CaCl2, and 2 mM D-glucose and labeled with 300 pM streptavidin-Atto647N. After labeling, the cells were gently washed with the imaging buffer.) 1,000 frames of AMPAR (Atto647N) were taken under the illumination of 640 nm laser (0.3 kW/cm 2 ), and subsequently, another 1,000 frames of PALM image of mGeos were taken under combination of 488 nm (0.3 kW/cm 2 ) and 405 nm (0.02 kW/cm 2 ) excitations with 20 Hz frame rate for imaging both AMPAR and Homer. Coordinates of AMPAR and Homer were localized by using ImageJ plugin quickPALM and the stage drift was corrected by using the method described above. Figure 8 shows the localized AMPAR and Homer in 3D. The conventional fluorescence image (Fig. 8, left) shows an overlay of Homer1c (green) and AMPAR (red). After localization analysis of the molecules, reconstructed 3D superresolution image of AMPAR and Homer can reveal more details of the distributions of the protein clusters (Fig. 8, right) . Detected AMPARs and Homer1c clusters are mostly colocalized in close proximity, as reported in the previous study [11] . Because the cotransfection efficiency of primary cells is often very low, it is absolutely crucial that every field of view has a set of fiduciary markers. While randomly placed beads may serve as fiduciary markers, it is not as robust as micropatterned fiduciary markers.
Conclusion
In summary, we introduced a method based on a thermally-induced-pattern to create fiduciary markers on glass coverslips with low autofluorescence, high bio-compatibility, and capable of subtracting off greater than nanometer microscope stage drift. The drift correction precision we obtained was 1.6 and 1.3 nm laterally, and 6.1 nm axially under aqueous condition using a NA = 1.49 oil objective. The autofluorescent background level from the material is lower than that of UV-curable glue and photoresists, which are widely used for micro-patterning and fabrication in visible light spectra. We cultured a range of cells, including HeLa cells, glial cells and primary culture hippocampal neurons, and imaged them on fiduciary marker patterned coverslips with T-NIL. The cells proliferated and expressed transfected proteins. Also, there was no bubble trapped between the fiduciary marker layer and the glass surface, making microscopy over the entire region of interest. In the live-cell fluorescence images, the background coming from the pattern is as low as from bare glass coverslips in the 4 channels in visible light range. Furthermore, the low autofluorescence and capability of drift correction enables single-molecule localization microscopy with sub-diffraction-limited precision, enabling investigation of structure and dynamics of fixed and live cells. The T-NIL will provide the substrates that can be utilized for investigation in biological sciences that require high optical transmission and micropatterning.
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